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THE EFFECT OF THE ANGLE OF AFPTERBODTY KEEL OF
TEE WATER PERFORMANCE OF A FPLYIWG-30AT HULL MODEL

By John M. Allison
SUMMARY

N.A.C.A. model 11-C was tested in the W.A.C.A. tank
according to the general method with the angle of after—
body keel set at five different angles from 2~1/2 to 9°
but without changing other features of the hull. The re—
sults of the tests are expressed in curves of test data
and of nondinensionral coefficients, - .-

.

At the depth of step used in the tests, 3.3 percent
beam, the smaller angles of afterbody keocl give greater
load~resistance ratios at the hump speed and smaller at
high speed than the larger angles of afterbody keel. Cor-
parisons are made of the load~resistance ratios af'several
other points in the sneed range.,

The effect of variation of the angle of afterboldy
keel upon the take-off performance of a hypothetical fly-
ing boat of 15,000 pounds gross weight having a hull o

model 11-C lines is caleculated, and the calculations &how -

that the craft with the largest of the angles of after-

body keel tested, 99, takes of £ in the least time and dis-
tancse, T

IATRODUCTION

The afterbody and forebody of the hull of a flying
boat act together to produce the total hydrodynamic 1ift
and resistance, At rest, and at low speeds, the forebody
and afterbody together supply the buoyancy reqliired to
Teep the hull afloat, With increage in sPeed, the bow
rises and the afterbody surface runs in the water at a,
positive angle of attaclk favorable for 1lifting. After “the
hull rises on the step and planing begins, the afterbody
no longer plays an important part in providing 1ifs, bdut
it may be a sourceo of considerable resistancdd if it runs
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near enough to the surface of the:water to be struck by
spray thrown back from the jlaning forebody,

The general effect of change in the angle of afier-
body keel upon the water nerformance of models of flying—
boat hulls had been observod in testing a numbor of mod-
els, but it could not be-deternined quantitativoly in
those tests because it could not be separated from the
offects of other changos., Thesc tests havo bcen made with
& model of gensrally conventional form in which the anglo
of afterbody keel can be changod without changing the rest
of the model.

DESCRIPTION OF MODEL

¥N.A.C.A. model 11-C, the offsets for which are given
in tadble I, was used in these testgs. As ghown in figure
1, this model was made in two pieces Jjoined at the step
and wae so arranged that the angle of aftoerbody kesl could
be changed Dby inserting wooden wedgos of suitable tapor
between thc afterbody and forebody. Tho angle betwoen the
afterbody koel and thc base lino is taken as the angle of
afterbody kcol; the nngle between the forebody and after-
body keel lines will be 1° more than the angle of after—
body keel, as defined. The distance from the step to the
after end of the afterbody, or sternpost, was ept con-—
stant for all "the changes investigated,

The model was built of laminated mahogany with a tol-
erance of 0,02 inch on dimensions below tlie chines. The
surface was finished with several coats of gray enanel
rubbed smooth. The gettings of the angle of afterbody
kecel are believed to be accurate to *0.15°, Tor conven~-
ience, sach change of setting was given an identification
number following the 11-¢ as follows:

Model Angle of afterbody keel
11~ Q=7 2-1/2°

11-(0~3 4°

11=0 5~1/2°

11=C=9 70

11-0~10 o0
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APPARATUS AND TEST MHETEOD

The N.A.C.A, tank and its equipment used in these
tests are described in references 1 and 2. The tests were
of the "general® type in which the model is towed at a
number of constant speeds at different fixed angles of
trim and at different constant loads,

RESULTS

The net values of resistance and trimming moment are
plotted against speed in figures 2 to 33 and include the
air drag on the part of the model above the water, The
center about which moments are taken is siown in figure 1.
& positive trimming moment is one that tends to increase
the trim angle; that is, t0o raise the bow., Trim angle in
this cass is the angle between the base line and the water
surfaceo.

Precision.~ The test results as represented by the
faired curves are believed to be accurate within the fol-
lowing limite: :

Resistance +0.2 1D,

Load # .3 1b. |
Speed + .1 ft./sec. : Cn e
Trim sngle + ,1°

Trimming moment 1 1b.—-ft. ' ST

Derived data.~ The nondimsensional coefflgients used "
are as follows: ' SR

B -~ = _ . .
C:_,_—— . i T——

— -

Speed coefiicient, Cy = ;%%ﬁ?

. R
£ ;o= =
Resistance coe_flqient, Cgr 13
A
Load coefficient, CA = ;Eg . _

u

Trimuning-moment coefficient, GM = ;E;

i
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where A is load on water, 1b.
R, water resistance, 1lb.
H, trimming moment, lb.~ft,

w, specific weight of water (63.5 1b, per cu.ft,.
for water in the N,A.C.A. tank).

g, acceleration of gravity, ft./scc.?
b, beam of hull, ft.
¥V, speed, ft./secs

These coefficients may be used with any consistent
.8ystem of units.

Figures 34 %o 38, in which GR 1s vlotted agalnst
Cy watbest trim angle T,, with CA as a parameter, aro

developed from the original resistance curves by crops-
plotting, . The points for the A/R . curves of figure 39

are calculated directly from figures 24 to 38. The maxi-
num $rimming-moment coefficient curves of figure 41 are ob~
tained from the maximum positive values of trimming moment
for ecach angle and load in figures 2 to 32,

DISCUSSIQON

Resistance characteristics.~ In figure 39, the load-
resistance ratio A/R is plotted azainst CA for each
angle of afterbody resl with the values of the parameter
Cy chosen to bBrimng out a performance comparison at vari-
ous speeds. Figure 40 presents the same information Dbut
with =~ AR plotted agalnst angle of afterbody kecl., A%
bump speed, A/R decrcases with incroase in angle of af-
terbody lkeels The percentage decrease is greater for tae
larger values of CA. At Cy = 4.5 and Cy = 6.0, large
improvement is obtained by increessing the angle of aftcr-
body keel from 2~1/2° to 5-1/2°., Any further increasec
produces a much smaller improvement, At Cy = 3.5, which
is intermodinto botweon hump and high specds, tho small
angles of afterbody koel have tho best wvalucs of A/R,
but the trend 1s loss marked than at hump spoed.
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The increase in A/R ratio at the hurp speed resulte-
ing from a decrease in angle of afterbody keel probably
regsults from the additional 1ift given by the afterbody
surface runnlng at a mwore favorable angle of attacks Tais.
additional 1ift helps raise the hull out of fthe water,
thus decreasing the wave-making r631stance.

At speed coefficients of 4,5 and 6.0 the forebody
carrics practically all of the load while the aftorbody
contributes only frictional resistance; high angles of af-
terbody keel result in higher A/R ratios because they
reduce the area of afterbody surface struck by water coming
from the stép.

mrlmminp—moment characteristics.~ The 1arge 1ift pro-

duced by an afterbody bottom surface ruﬁning at a high

2le of attaclk causes the center of pressure of the water
forces'to'move aft. Consequently, the snaller the angle
of afterbody keel, the greater the angle of attack of the
aftecrbottom surface for a given trim and the farther aft
thie center of pregsure will move. For exanple, in the
curves for T = 9° and T = 11° (fig. 41) the center of
pressure has moved so far aft that the maximam momént is
negative for all loads.

R

Trim—-angle caaracterlsticg,~ The best trlm angie at
the hump decreases but slightly in marnitude with decrease
in angle of afterbody keel. At high speeds, reducing the
angle of keel appreclably decreases the best fTrim anﬁle.

nulls is, however, numerically less than the difference
in their angles of afterbody kcels. Thorefore the aftor-
body of small keel angles will run closer to the surface
of the water,

Static characteristics.- Figures 42 and 43 are plot-
ted from test datd. In figure 42, the trimming monents at
rest are plotted for the various settings of angle of af~-
terbody lkeel, .These curves are ussful for estimating the
maznitude of the wffect of a change in angle of afterbody
keel upon the attitude at rest o* a,huliWEf this type.

gure 43 consigts of curves show1ng the drafts at rest of
eaﬁh model for different trim angles and loads. The snall-
er the angle of afterbody keel, the higher ia the water
the hull wi1ll tend to float owing to the buoyancy supplied

by the afterbody. . Tl T
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Spray characteristicsg snd genpral behavior.~ The pho-~
tographs of the models running in the water show that the
spray characteristics are affected by changes in the an-
gle of afterbody keel., The effect ig shown in the en-~
larged photographs (figs. 44{a) to 44(d)), which compare
model 11~C-10 (99 angle of afterbody keel) and 11-g-8 (4°
angle of afterbody keel) at the same trim angle (7°) and
load, and at approximately the same speecd. When compar-
ing the pictures of the bow (c) and (d), it will be ob=-
served that the bow wave in (c¢) (9° angle of afterbody
keel) is considerably higher than that in (4) (4° angle of
afterbody keel). Drafts observed at this speed (slightly
below hump speed) show the model in (e¢) to be riding deep-
er in the water than the one in {(d), The resistances were
22.9 pounds for model 11~C-~10, shown in 44(c) ard 18,9
pounds for model 11-3-8, shown in 44(d). Pictures of the
sterns of the same models under the same conditions are
shown in 44(a) and 44(b), respectively. The afterbody of
the model in {b) is running at a larger angle of attack
and producing more lift than the one in (a) as evidenced
in the photograph by the heavier waves at the stern. The
bow wave of the model with 9% angle of afterbody keel (c)
is slightly higher than that of the model with 4% angle of
afterbody keel (d), thereby verifying the condition ob-
served when comparing (c) and (d}. The photographs in
figures 45(a) and 45(b) furnish a basis for the comparison
of the same modele running at 9% angle of trim, 40 pounds
load, and slightly above hump speed., Model 11~0~-10 sghown
in 45(a) with the larger angle of afterbody keel hag its
afterbody clear of the water while the one in 45(b) 11~C-8,
does not, The resistances were 8,8 pounds and 9.3 pounds,
respectively.

Riding on the afterbody occurred during the testing of
model 11l~0-=7 (2-—1/2o angle of afterbody keel), In this at~
titude the step is entirely out of the water., The dotted
line on the resistance curve for a load of 5 pounds (fig.
6) shows how the resistance drops, beginning at a speed of
35 feet per second. A4t & tTim angle of 7°_and loads of 20
and 40 pounds, this model rode on the afterbody at all
speeds above 25 feef per second. A full-scale hull of a
flying boat could not be made to ride on the afterbody be-
cause the control moment required to hold the attitude
would be too great.

TakXe—-off example.~ The effect of chauging the angle
of the afterbody kesl can be scen from the following ex-
amples A hypothetical flying boat is assumed to be fitted
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successively wlth five hulls each sginmilar to one of the
model 11~C forms that were tested, Aside from the hull
sach combination hag the following characterigtics:

Grosgss Joad « « + ¢ e - v e . 15,000 1b.
Wing area  + « « « « o « « « . 1,000 sq.fte
Horsepower (two engines) . . . 1,240

Effective aspect ratio
(with ground effect] . . . . . 7.0
Parasite~drag coefficient _ -
(excluding hull) . + . . . . . 0.05

Airfoil « « ¢ v o o 4 « + + « QClark Y (data taken
. frOm TnR. NOQ 352,
HeheCLAL)

Propeller diameter . . . . . 10 £%.

Propeller pitch angle _ o
(fixed pitch at 0.75R) . . . 19

A wing setting of 8° was used in all cases in order
guickly to transfer the load from the Wdll to the wings.
The curves for thrust, total resistance (air plus water),
and air drag are shown in figure 46. The thrust was c¢dl-"
culated from the charts of refersnce 3. ' S -

The calculated performances of the flying boats com~"
pare as follows: ' : - -

—

Hull . 11-0=10 11=C=9 11~C 11=C=8 11-C=7?’
Angle of after-

body kesl, dog. 9 7 5-1/2 4 2~-1/2
Beam, ft. 8,075 8.0756 8.075 8.0756 8.075
Talkre—~off time,

SCCae -3-’21‘2 ‘_28.4 -2?'.7. . 35.7 - o

ZWH &3 F i

Take~off run, T

£t . 3460 3640 3880 5140 -~
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It will be seen that~at a spaed of .85 feot per second
the resistance of the craft with tho 2—1/8 angle of after-
body keel exceedg the tarugt and ioes not fall below the
thrust until a speed of 95 feet per second is reached.

With this hull the craft will not talze off,

The tabulated values of take-~off time and distance
indicate that llttle additional improvement can be or-
pected Dy increasing theo angle of afterbody koesl boyond 9°

Figure 46 shows that sctting the aftcrbody of tho hy-
pothotical hull at a small anglc causcs o docroase in ox-
coss thrust that cxtends over a considerabdblc portilon of
the high~gpeed range; whorocas, tho gain 1n oxcess thrust
at the hump extends over a small range of spoced., If largor
tharust had been assumcd, the high-speed resistance poak
wo1uld have boen less critical and -tho advantage shown Dy
the largoer angles of afterbody keel would have becon ro-
duccd.

CONCLUSIONS

These conclusions.are based on tests of models having
a depth of step of 3.3 percent of the beam. Changing the
depth of the sgtep w111 produce effects that were not proa-
ent in thesc tests,

) le A small angle of afterbody keel is favorable for
low resistance at low speed and a large angle 1s best at
high speeda.

2e For the hull tested, having a load coefficient
CA of Oe¢4 at the hump, the optimum angle of afterbody

keol is near 8°.

3¢« A small angle of aftorbo&y reel reduccsg the maxi-
mum positive trimming momont.

4, A hull with a 1érgc anglo of alftorbody kcol has
a largor best trim anglec at high spcods.

Further tests are planned in which tho angle of aftor-
body keel will be varied up to 15° for cach of soveral
depths of step. '

Langley liemorial Acronautical Laboratory,
National Advisory Coummittee for Aeronautics,
Langley Field, Va., July 10, 1935,



1la

Fe&.C.A. Technical Yote Ko. 541 9
REFEBRENCES

Truscott, Starr: The ¥.A.C.A, Tank - A High Speed
Towing Basin for Testing #Hodels of Seanlane Floats.
T.R' 4’?0, 1‘I.ADCCAI, 1933. ’ :

Shoemaker, James H.: Tank Tests of Flat and V-Bottonm
Planing Surfaces. T.H., No. 509, H.A.C.A., 1934,

Eartman, Bdwin P.t Working Charts for the Determina-
tion of Propeller Thrust at Various Air Speeds.
T.R. Hoo, 481, 1934. -._.____



TABLE 1

Offeeta for H.A.Q.A, Model No. 11-0 Flying-Boat FEull (Inohes)

Distance from hase lina Half breadihs
Dig~

6ta~ |{tance! EKeel| Bl B3 B3 B4 BS |Main [Qove {UppsriMein |Qove|Upper|, WLl | WL3 [WL3 |WL4 |WL5 |Sta~
tion grgm 11,50| 5.00{ 4,60 8.00{ 7.50|chine ohine [ohine ohine [312.50{11.00{8.50(8.00| 8,50 tion
F.P, 0.0 4,00 4.00 0.15 F.P.
1/a 3.4 9.17] 6.90 5.39 2.07 0,53} 1.18 1{3
1 4.8 | 10.85| B.R0{ 6,64 6.34 3.63 0.73]1.64) 5.33
1-1/8] 7.2 | 11.87| 9.72) 8.18} 7.34 T.18(. 4.6% 0.64{1.67]3.15 1-1/2
2 9.8 1 13.63|10.78] 9.87) 8.37 7.87 5.69 0,18 1.3013.7416.13 3

3 14.4 | 15.21]12.01{10.83} 9.85] 8,13 8.89 6.90 93] 2.7815.10 3

4 19,3 | 15.47|12.62}11.72110,91]10,18¢ 9.63]| 9.58 7.71 4

& 34,0 |A13.58]13.94413.33|11.53{10,85]10,22} 9.97 8.1% 5

Elemente of statlong

6 8.8 || 13.88 F’Btmight lines Irom here a.f? 10.18 8.40 &

7 35.8 |)11%.78 10,30 8.49 7

8 38.4 {]13,83 10.38 8.50 8

a 43.3 J113.92 J‘Diatanca from caenter 10.47 8.50 Blii:l.litzav.nma Irom base 9
10,¥./ 48,0 |V14.00 line (plane of aywm- 10.56 8.50 line to water line 10,F.
10,4.148.0 {AL3.44 metry} to buttock 9,98 8.60 {ssction of hull 10,4.
11 53.8 }|13.97 {section of hull 9.61 8,50 surface mads by a 11 -
i3 57.6 {|13.51 surfape made by a 9.2318.39 ) 8.18] 5.10{8.10] 8.40 horizontal plane 12
12 188.4 [113.0% vertical plane par- 8.83:7.85} 7.15; 6.97{6.57] 8.11 parallel to base 13
14 &67.3 }j11.58 allel to plane of 2.54)7.87} 6.33) 5.07]86,07| 7.68 Iine) 14
15 72.0 1111.11 aymmatzy} 10.1017.17 | 5.44| 3.693.69| 8.77 16
8.p. {76.0 [£0-72 10,78[7.38 .30] .20 3.P.
18 76.8 7.04 4.7, 5.78 18
17 Bl.8 5.91 4.06 4.681 17
18 88.4 4.77 3.48 3.381 18
19 B1.8 3.64 2.91 1.90 19
20 98.0 iv 3.50 2.3 A0 20
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